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Introduction
Groundwater levels in embankments often rise due to heavy rainfall, which can occasionally cause embankments to collapse. In order to decrease the ground water level, and prevent collapse, it is effective to drain water from areas in the embankment which could weaken during heavy rain. However, unlike surface drainage, there are no installation specifications yet for subsurface drains. This study therefore examines a drain pipe method which has been adopted widely by Japanese railways as a sub drainage method, to evaluate the effect of pipes inserted into embankments. A set of pipe installation specifications for embankments, was then proposed based on the results of this evaluation. Figure 1 shows the details of structural conditions regarding 67 past cases where an embankment suffered damage due to heavy rainfall [1] . As shown in Fig.1 , the largest number of cases to suffer damage were embankments on flat foundations, followed in order of occurrence by embankment at cut and fill boundaries, embankments on a slope, crossing valley embankments, widened embankments, and embankments with a falling incline. Apart from embankments on flat foundations, other earth dams weakened in the areas where rainwater was concentrated from the outside the embankment.
Embankment structures

Representative damage per structure type
Destabilization of embankments on cut and fill boundaries
It is known that the ballast sinks into the embankment body by repeated impact of loads from passing trains, which sometimes forms a water path as shown in Fig.2 . This forms part of a destabilizing mechanism where the rainwater through the water path concentrates at the boundary section of the embankment and cut slope, and the rainwater then permeates into the embankment. Previous investigations revealed that the average sinking depth of ballast was about 0.3m. It is supposed that this destabilization mechanism is similar to the one affecting embankments on structural boundaries like embankments on a falling incline or embankments backing onto a concrete structure. 
Modeling method
In order to modify the former drain pipe [2] model the drainage effect of the drain pipe was evaluated quantitatively with constant head permeability tests which reproduced only the two-dimensional flow around the drainage pipes. Figure 3 shows the schematic view of the drain pipes and the soil vessel for the constant head permeability test. Table 1 shows the soil conditions of the model ground. Saturated-unsaturated flow simulations were performed using an analytical model to approximate the permeability test. The drain pipe and its slits (5 mm width, 50 mm length, and 12 slits) were shaped as in Fig.4 . Based on the saturated hydraulic conductivity obtained from the permeability test, an analytic calculation was made of the saturated hydraulic conductivity of the analytical model ground so that the displacement in the test accorded with the displacement in the analysis. As the boundary condition in the analysis, the slit part of drain pipes were set as an exudation border, and the total head was set at 0.525 m from the bottom of the soil vessel. The van-Genuchten model and Mualem model were adopted for the hydraulic properties and the relative permeability, respectively [3, 4] . The former equation is shown in (1) and the latter is shown in (2) .
where, θ is the volume water content, θ r is the residual water content, θ s is the saturated water content, ψ is the matric potential (kPa), α, n and m (m = 1 -1/n) are the empirical parameters, K r is the relative permeability. The reproduction target of displacement was 4.21×10 3 mm 3 /s, and this value is a practical convergence value obtained from the constant head permeability test. The saturated hydraulic conductivity of the model ground was 2.0× 10 -5 m/s.
A simple analysis model of drain pipes
As a result of the reproduction analysis, it was confirmed that the displacement of the analytical model corresponded to the result of the constant head permeability test provided that the saturated hydraulic conductivity of the analytical model ground is 4.3×10 -5 m/s. In order to simplify the slit model, a trial was made replacing the slit model with a simple analytical model as shown in Fig.5 and Fig.6 . In this simple model, the drain pipe is reproduced in a cavity of a cuboid, and the cavity is covered with a rectangular layer of low permeability soil. As a result of parametric analyses, it was confirmed that the optimum saturated hydraulic conductivity of the low permeability layer was 50 % of the saturated hydraulic conductivity of the ground soil. The simple analysis model reproduced only the two-dimensional flow around the drain pipe. Therefore, it was not necessary to vary the soil parameters, regardless of the length of the pipe. 
Analytical conditions for the embankment model
In this examination, in order to reproduce the rainwater concentration during rainfall as mentioned in chapter 2, an inundation range of up to 30 m was set on the formation level of embankment model. The inundation area was determined on the basis of the track incline and the depth of the water path. It is difficult to grasp the water permeability of existing embankments from actual surveys. Therefore, past examples of damage were investigated. The hydraulic properties of a saturated embankment were applied after being calculated using the Brooks & Corey method as shown in Table 2 [5] . It was assumed that only sandy soil would comprise the embankment body and saturated hydraulic conductivity was set at 5×10 -5 m/s which is where groundwater level tends to rise [6] . The unsaturated hydraulic conductivity was calculated from Irmay's method, and the parameter n was defined from Nishigaki's method as shown in (3) [7] . In this report, the groundwater levels indicate the line where the pore-water pressure equals 0 in numerical analyses.
where, k is the saturated hydraulic conductivity. 
Installation area of drain pipes
It is estimated that the groundwater level of the embankment at the structural boundary forms a curve as shown in Fig.7 . Therefore, in this study, it was decided to apply drain pipes to the whole slope in the inundation area as shown in Fig.7 . At the same time, the area where drain pipes should be installed was examined, (hereafter referred to as installation area) in the area where the groundwater level in the longitudinal direction rises due to seepage from the inundation area.
In order to determine the longitudinal installation area, a long embankment analytical model was made as shown in Fig.8 , and the length of the water level rising area was clarified. This long embankment model has enough longitudinal length for this analysis, and the dimensions and properties of the embankment were set according to past examples of damage. The water level rising length was calculated numerically, varying the combinations of external rainfall and inundation areas as shown in Table 3 . As a result of analyses, the maximum water rising area in the track direction was adopted as the required installation area. Figure 9 indicates an example of the results of the numerical analyses. From these results, it was clarified that the maximum length of the water level rising area was about 40 m in any case.
Next, the installation height of drain pipes was examined. An analytical model was used for this, which had same cross section as shown in Fig.8 . From the results of numerical analyses considering two-dimensional seepage in the cross section, the maximum water rising height was adopted as the required installation height. The rainfall was set based on the Design Standards for Railway Structures and Commentary (earth structures) [8] , and 1000 year probable rainfall intensity was applied from a safety perspective. There are two types of rainfall defined in the standards; one is short term rainfall due to typhoons, the other is long term rainfall due to rainy seasons and so on. In this study, short term rainfall as shown in Fig.10 was applied, because it results in more severe damage to sandy soil. Figure 11 shows the chronological change in groundwater level, and indicates that the groundwater level rises most during the first few hours after rain has ceased and its maximum height is 3 m.
From the results of the analyses as mentioned above, it was confirmed that the required longitudinal installation area and height of drain pipes were 40 m and 3 m respectively.
Quantitative evaluation of the effect of drain pipes
On the clarified installation area as mentioned above, the effect of different length drain pipes was calculated, along with differing distances with adjacent drain pipes (hereafter referred to as driving distance). A short embankment model was used for this investigation, composed of a section extracted from a long embankment model where the groundwater level was highest in the longitudinal direction as shown in Fig.12 . According to past installation experiences, pipe lengths were set at 4, 6, 8 m, with 1, 2, 3 m driving distance, in staggered array. Then, short term rainfall was reproduced as shown in Fig.10 , along with an inundation area similar to the one in the long embankment model (Fig.8) . Figure 12 shows a schematic view of the analysis model and installation of the drain pipes. The drain pipes were installed along the whole slope as mentioned in section 4.1. There were 17, 9 and 6 steps of drain pipes corresponding to driving distances of 1, 2, and 3 m, respectively. Figure 13 shows an example of the calculated Fig.15 shows the water levels for each driving distance when the pipe length is 6 m. Both groundwater levels shown in Fig. 14 and 15 are those right after rainfall has ceased. It can be seen in these results that the longer and smaller the pipe length and driving distance are, the lower the groundwater levels tends to be.
Nomogram for installation specifications
Stability analyses of embankments were carried out on a cross section between pipes, based on the results of the saturated-unsaturated flow simulation. A modified Fellenius method was applied to evaluate the safety factor of the circular slide. Table 4 shows applied strength parameters based on the standard [8] . The minimum strength parameters of soil groups were applied, including the sandy soil adopted for all the numerical analyses. Additionally, it was assumed that the circular slide would occur only in the embankment and that the slide line had to cross the formation level. Figure 16 indicates the relationship between the pipe length, the driving distance and the normalized safety factor. In this study, normalized safety factors were defined as values obtained by normalizing the safety factor of the embankment when rainfall ceased, by the safety factor of the embankment without drain pipes at the same time. The reason normalized safety factors were applied, was because it was necessary to determine whether the stability of the embankment with drain pipes at the structural boundary improved to the same extent as on an embankment without drain pipes. It is particularly important to Table 4 were obtained from analyses using the short embankment model which is extracted from the inundation area. Therefore, the recommended installation specifications which gave a normalized safety factor of over 1.0 can be applied to the water raising area which is confirmed as 40 m of longitudinal length and 3 m of cross sectional height as mentioned in section 4.3. It is expected that the weak points in railway embankments during rainfall could be eliminated by introducing drain pipes based on the nomogram for installation specifications.
Conclusion
This study evaluated the effect of drain pipes quantitatively by numerical analyses using a simple analytical model based on actual model tests. The stability of embankments was clarified quantitatively, to identify which areas were weakened during rainfall. Moreover, a nomogram was proposed to determine installation specifications of drain pipes for embankments, based on the above stability analyses. This paper mainly focused on cut and fill boundaries. However, it is expected that the proposed nomogram will be applied to other structurally weak earthfills by considering there structural characteristics and external forces.
